, and is part of a larger project to develop analytical models of the world oil market.
Introduction
It has been suggested that one reason for OPEC's formation and later success in maintaining itself as a cohesive cartel is that the gains from cartelization in the world oil market are so large. Indeed, looking at the historical success record of various cartels (or attempts at cartelization), a case could be made that those cartels were most successful for which potential monopoly profits were 1 the greatest.
After all, there are significant costs associated with cartelizationpolitical costs, costs of coordination of output and price, and, for each producer, costs associated with the risk of being undercut and losing significant short-term profits. Bearing these costs would not be worthwile if the expected resulting gains were not at least as large. It is therefore important to know what the potential gains from cartelization are.
Often the analysis of producer gains from cartelization is based on a simple static computation of the potential monopoly profit in a particular market, given elasticity estimates for demand and for supply from those producers who would not be likely to join the cartel. Such a static analysis might be realistic and quite sufficient for such markets as bananas, coffee, and sugar, where demand and supply can adjust quickly to price, and where resource exhaustion is not a determinant of or constraint on production. A static analysis might be misleading, however, for 1 An historical summary of the experience of some international cartels is given in Eckbo [ 8] .
such markets as petroleum, copper, or bauxite. First, the process of reserve depletion for these resources might have an important impact on monopoly pricing decisions and on the potential gains from cartelization. Second, the markets for these resources are characterized by demands and supplies that adjust only slowly to changes in price, so that a cartel might have the potential for large shortterm monopoly profits by taking advantage of adjustment lags.
The problem of measuring the potential gain from the cartelization of a particular exhaustible resource can be put quite simply. Given reserve levels and the dynamic structure of demand and cost, and given that the objective of each producer is to maximize the sum over time of discounted profits, what are the optimal price trajectories under competition and under cartelization, and how much larger is the sum of discounted profits as a result of cartelization?
We of course assume that the (potential) cartel in question is able to behave as a perfect monopolist that knows the structure of demand and cost. In addition, we do not address the issue of how the gains from cartelization are to be divided up among the cartel members.
To measure these potential gains we must turn to the theory of how an exhaustible resource is optimally priced over time. It was Hotelling [15] who first demonstrated that under competition price minus marginal cost should rise at the rate of discount, while in a monopolistic market rents (marginal revenue minus marginal cost) should rise at the rate of discount. 2 It can be shown that under conditions of constant demand elasticity and zero extraction costs, the price 3 trajectories will be the same in both the monopoly and competitive cases. However, if extraction costs are positive and/or the elasticity of demand is rising, the monopoly price will initially be higher (and later be lower) than the competitive price, ie. the monopolist will be relatively "conservationist." 4 The relevant question, however, is to what degree will the price trajectories in the two cases differ? Stiglitz [23] claims that in general "there is a very limited scope for the monopolist to exercise his monopoly power."
This may be the case for some exhaustible resources, but not for others. It will depend in part on the particular way in which demand elasticities change and production costs increase as the resource reserve base is depleted. It will also depend on the ability of the monopolist to take advantage of adjustment lags in the demand for his output.
The purpose of this paper is to attempt to calculate optimal monopolistic and competitive price trajectories for several exhaustible resource cartels, and thereby determine the potential gains to producers from cartelization. Our model of cartelization is rather simple; we treat the cartel as a pure monopolist holding a known quantity of reserves and facing a "net demand" function (total world demand minus supply from "competitive fringe" producers who are not members of the cartel). We ignore such potential problems as differences in production costs for different members, differences in objectives, need for output 5 rationalization, etc. The approximate analysis is still useful, however, since if the gains to the pure monopolist are not large, we would not expect the more -3A nice demonstration of this is given by Stiglitz [z3] .
4This is examined by Stiglitz [23] and Sweeney [24] . 5 The effects of these problems on pricing and output policy for OPEC is examined in Hnyilicza and Pindyck 13].
"realistic" cartel to remain stable over a long period of time, while if the gains are quite large, there should be sufficient incentive for the producers to overcome the problems typical of cartelization.
We limit ourselves here to three cartels that have already identified them- Here we explore this argument quantitatively.
In the next section we present the basic optimal pricing model for an exhaustible resource cartel facing a dynamic "net demand" function, and explain how optimal price trajectories for both the monopoly and competitive cases can be obtained. Then, the basic model is applied to OPEC and the world oil market, and it is used to calculate optimal price trajectories for OPEC and measure OPEC's potential monopoly gains. Next we turn to the bauxite and copper markets, fitting the basic model to each in an attempt to measure the potential gains that IBA and CIPEC might realize by following optimal pricing rules. We conclude with some remarks about actual and potential cartel behavior. 6 See, for example, Krasner [17] and Smart [21] . For opposing views see Bergsten [3 , 4 and Mikdashi [19] .
An Optimal Pricing Model for an Exhaustible Resource
The basic model is specified to account for differences between short-run and long-run price elasticities both in demand and supply from "competitive fringe" 7 countries. Total demand (TD) for the resource in question would be of the form
where Pt is real price and Yt is a measure of aggregate income or product. This specification of the demand function would take into account the substitution of other materials for this resource (e.g. coal for oil or aluminum for copper), since we assume that the prices of competing materials are fixed, they need not be included explicitly in (1).
Net demand facing the cartel is
where St is the supply function for the "competitive fringe," and is given by St = f2(P tStl).
Resource depletion might be as significant a factor for the competitive fringe as it is for the cartel, in which case we can modify the supply function so that it moves to the left (rising marginal and average cost) in response to cumulative production CS:
with ~ -s + with CS t = CSt_ 1 + S t (4) t-l t and S is average annual competitive production and a is a parameter that determines the rate of depletion. 7 Our approach is similar to that of Cremer and Weitzman [ 7] and Kalymon L61, who have also recently constructed optimal pricing models for OPEC. Those studies, however, do not account for adjustment lags. Non-optimizing simulation models of OPEC behavior have also been constructed; see, for example, Blitzer et al.
by.
An accounting identity is needed to keep track of cartel reserves, R:
The objective of the cartel is to pick a price trajectory {Pt } that will maximize the sum of discounted profits:
where m/R t is average (and marginal) production costs (so that the parameter tn determines initial average costs), 6 is the discount rate, and N is chosen 8 to be large enough to approximate the infinite-horizon problem. Note that average costs become infinite as the reserve base Rt approaches zero, so that 9 the resource exhaustion constraint need not be introduced explicitly.
As a result, we have a classical, unconstrained discrete-time optimal control problem, so that numerical solutions can be obtained easily. 9 A constraint on the production capacity of the cartel can be introduced implicitly by rewriting the objective function as:
where c is large enough so that the added expression is close to zero when Dt is ust below the capacity constraint and very large when D t is Just above. Typically, c equal to 20 or 30 (with a and b chosen appropriately) will do the job. In the applications of this model that follow, however, the capacity constraint is never even approached (i.e. it is always optimal for the cartel to produce at below capacity), so that (6') need not be used.~. 
where is a vector of nonlinear functions in the set of state variables xt (endogenous and lagged endogenous variables, together with state variables defined for P and elements of z occuring with lags longer than one period), the price (control) variable Pt, and a set of exogenous variables zt. The objective function can also be general in form.
The solution to the above problem yields an optimal price trajectory {P;} and optimal sum of discounted profits W for the monopolist. We would t.
like to compare these with the optimal price trajectory and sum of discounted profits that would result if the cartel dissolved (or never formed), and its member producers behaved competitively. We say "optimal" because competitive producers must still manage an exhaustible resource, balancing profits this year against profits in future years.
Although competitive producers cannot collectively set price, they each determine output given a price. We show in the Appendix that the rate of output should be such that the competitive price satisfies the difference equation
If this were not the case, larger profits could be obtained by shifting output from one period to another. In addition, the initial price must be such that two constraints hold. First, the resulting price and output trajectories {Pt } and {D;} must both satisfy, at every point in time, net demand as given by equations (1), (2) , and (3), i.e. supply and demand must be in market equilibrium.
Second, as the price rises monotonically over time, resource exhaustion must occur at the same time that net demand goes to zero. 1 1 If demand becomes zero before exhaustion occurs some of the resource is wasted and yields no profits;
profits would be greater if the resource were depleted more rapidly (at a lower price). If exhaustion occurs before demand becomes zero, depletion is occuring too rapdily and should proceed more slowly. 1 2 lWe are assuming here that the net demand curve indeed intersects the vertical axis. If this were not the case, price would rise indefinitely with demand asymptotically approaching zero and exhaustion occuring at t -. 1 2 Note that if the autonomous rate of growth in net demand is greater than the discount rate 6, the optimal price will be such that output is always infinitesimally small, since then it always pays to postpone all production into the future.
The computation of the optimal price trajectory for the competitive case is thus straightforward. Pick an initial P and simulate (i.e. solve over time) equation (7) together with equations (1), (2), (3), and (5). Repeat this for different values of P0 until Dt and Rt become zero simultaneously.
3. Petroleum -The Gains to OPEC
The basic model described above is parameterized for the world oil market so that it is consistent with the reserve, production, and elasticity estimates of
, and with crude elasticity estimates obtained from aggregate time series data. The equations of the model are as follows: respectively. The last term in equation (8) provides an autonomous rate of growth in demand of 1.5% per year, corresponding to a long-run income elasticity of 0.5 and a 3% real rate of growth in income.
At a $6 price competitive supply is about 6.5 billion barrels per year.
The supply equation (9) implies short-run and long-run elasticities of .09 and
.35 respectively at the $6 price, and .16 and .52 respectively at a $12 price.
Depletion of competitive fringe reserves pushes the supply function to the left over time. After a cumulative production of 210 billion barrels (e.g.
7 bb/yr. for 30 years) supply would fall (assuming a fixed price) to 55 of 13 its original value. 3 Note that the average cost of production for the OPEC cartel rises hyperbolically as Rt goes to zero. The initial reserve level is taken to be 500 billion barrels, and initial average cost is 50¢ per barrel} 4 13Note that there is no fixed upper bound on cumulative production by competitive fringe countries; there is always some price at which additional supplies would be forthcoming. For example, after 210 billion barrels have been produced, a price of $18.5 would be needed to maintain production at 6.5 bb/yr, whlle ftr 420 billion barrels have been produced a $43 price would be needed to maintain the 6.5 bb/yr. production level.
14500 billion barrels represents a rough estimate of proved reserves for OPEC (Source: Oil and Gas Journal, December 1975). Potential reserves would be greater, but we assume that the more conservative number would be used by OPEC to plan a long-term price policy.
In calculating optimal price policies we take as initial conditions TD 0 = 18.0, S0 = 6.5, and CS 0 = 0. Price trajectories are calculated over a forty-year horizon, with discount rates of .05 and .101 5 Optimal prices for both the monopolistic and competitive cases are shown graphically for the first 25 years in Figure 1 , and prices, total demand, OPEC production, OPEC reserves and discounted profits are shown for the longer horizon in Table 1 . Finally, for each discount rate the ratio of the monopoly price to the competitive price is shown graphically in Figure 2 , and the ratio of monopoly to competitive discounted profits is shown in Figure 3 .
Observe that the optimal monopoly price is $13 to $14 in the first year (1975), declines over the next five years to around $10, and then rises slowly.
This price pattern is a characteristic result of incorporating adjustment lags in OPEC's net demand fundtion. If total demand and competitive supply had been modelled as static functions of price, the optimal monopoly price, like the competitive price, would rise monotonically. With adjustment lags, however, it is optimal for OPEC to charge a higher price initially, taking advantage of the fact that net demand can adjust only slowly. Of course in the competitive case price will still rise monotonically, even with adjustment lags, since the competitors cannot together restrict output to take advantage of the initially inelastic demand.
,~~~~~~~~~~~~~~~~~~~~~1
5With a discount rate of .02 or less the initial competitive price is over $10.
With autonomous growth in net demand (resulting from autonomous growth in total demand and depletion of competitive fringe reserves) the optimal production rate will approach zero if the discount rate is small enough. Pre-OPEC oil prices were never in the vicinity of $10, which means that competitive producers either used higher discount rates or else used a low discount rate but produced at a very sub-optimal rate. The presence of risk (regarding potential reserves, changes in market conditions, etc.) would make it most reasonable to use a discount rate of .05 or higher, and so we use .05 and .10.
Observe also that with the smaller discount rate the initial competitive price is higher. With a large discount rate producers pay less attention to the future, so that their output decisions more closely approximate those that would be made without accounting for resource depletion, i.e. they more closely approximate the static competitive solution. When the discount rate is low producers must be more "conservationist," so that initial output levels are reduced and prices are closer to those that would be set by a monopolist. As can be seen in the results, resource exhaustion by competitive producers occurs earlier at the higher discount rate, since prices begin low and then rise more rapidly in later years when the discount rate is large. The competitive solution -as given by equation (7) -is such that a lower discount rate, implying a lower rate of increase in price, will restrict initial output so that initial price is higher and closer to the monopoly price. With a 10% discount rate the competitive price is $1.55 in the first year, which is in the vicinity of actual pre-OPEC Persian
Gulf prices. Thus we could assume that prior to OPEC, producers either set output levels dynamically using a high discount rate -or else (as is more likely) simply ignored the problem of depletion.
The relative gains from cartelization are summarized in Table 2 . Note that these gains are largest during the first five years, particularly when the discount rate is large, since it is during this period that a monopoly can take advantage of adjustment lags and reap large short-term profits. Even over the longer term, however, the sum of discounted profits is 502 to 100% larger under cartelization. The incentive for maintaining the cartel is thus considerable.
Obviously these results are dependent on the particular model and parameter values described earlier. However, changing the model's parameters has only a small effect on the numerical results. For example, if the elasticities (short-and long-term) of total demand are doubled, optimal monopoly and competitive prices decrease by less than 20%. Doubling the elasticity of competitive supply results in a decrease in price of about 10%. Replacing the total demand and competitive supply equations with isoelastic equations (using the $6 elasticities from the linear equations) results in price trajectories that are at all times within 15%iof those reported in Table 1 .16 Doubling or halving OPEC's initial average production cost has less than a 5% effect on monopoly price and less than a 20% effect on competitive price. None of the aforementioned changes affects the ratios of sums of discounted profits reported in Table 2 by more than 10%. The gains to OPEC from cartelization are thus high under a broad range of assumptions.
Changing the initial level of OPEC reserves from 500 billion barrels to 800 billion barrels (but increasing m, so that initial average cost is still 50¢) has almost no effect (less than 10%) on the optimal monopolistic price trajectories, but it does have a significant effect on the competitive solutions. Using the higher reserve estimate, initial competitive prices for 6 = .05 and .10 are $3.06 and $0.65 respectively. These prices are lower because there is less need to conserve (exhaustion occurs after 43 years at the high discount rate and 54 years at the low rate, as compared to 33 years and 44 years in Table 1 ), so that prices are closer to those that would result from competitors making static output decisions (i.e. setting output one period at a time, ignoring future periods). Since competitive prices and discounted profits are lower, the use of a higher initial reserve estimate means greater potential gains from cartelization (NPVm/NPV is 2.42 for 6 .05 and 3.05 for 6 = .10). The 800 c billion barrel figure represents proven reserves plus "highly likely" potential reserve:3, and thus might be a more realistic number to use in setting price or output over time. We chose the 500 billion barrel figure in part because it better dramatizes the effects of depletion on price and output dynamics. 1 6 Note that net demand for OPEC oil will not be isoelastic. 4. Bauxite -The Gains to IBA 1 7 There are no published econometric studies of the world bauxite market that can be tapped for elasticity estimates, and therefore our competitive supply equation must be somewhat speculative. A total demand equation, however, can be derived from the demand for aluminum and from cost data on the production of alumina from bauxite and from alternative aluminum-bearing ores. Data on costs, reserves, and production is available from the U.S.
Bureau of Mines [25, 27] . For a range of prices up to about $15.60 the demand for bauxite is quite inelastic, but at higher prices it becomes economical to produce alumina from sources other than bauxite, so that the demand for bauxite becomes almost 18 infinitely elastic. 8 In the inelastic region the demand for bauxite depends on the demand for aluminum. At a bauxite price of $8 per ton, bauxite itself represents about 8% of the cost of producing aluminum. Using short-and longrun price elasticities of aluminum demand of -.2 and -1.0 respectively, the corresponding price elasticities for bauxite would be -.016 and -.08. The income elasticities should be the same as those for aluminum; we use 0.2 and t 1.0 for the short-run and long-run respectively. The term (1.03) in equation (14) builds in the assumption of 3 annual real growth in income.
At a price of around $15.60 we would expect the demand for bauxite to fall rapidly to zero. For this reason the exponential erm is included in equation (14) . By choosing a large enough exponent for .0 6 4 1Pt = P/15.60, we can t achieve an arbitrarily close approximation to a piecewise linear demand function. In fact we would expect demand to start falling off at prices somewhere below $15.60 (if for no other reason than anticipation of future price increases), and demand to be small but not zero at higher prices, so we choese 10 as the exponent. The long-run demand function is plotted in igure 4 .
18 0ther sources of alumina (A1 2 0 3 ) include high-alumina clays, dawsonite, alumite, and anorthosite, all of which are in great abundance in the earth's crust. The most economical alternative to bauxite is to produce alumina from high-alumina clays using the hydrochloric acid -ion exchange process. In this process there is an operating cost of $74.5 per ton, of which $5.02 is the cost of clay at $1 per ton. In addition the fixed capital cost of a 1000 ton per day plant is $108 million. Assuming a 102 cost of capital and 350 operating days per year, and ignoring replacement costs, and/or maintenance, capital cost becomes $30.85 per ton of alumina, so that the total cost of producing alumina through this process is $105 per ton. Producing alumina from bauxite using the Bayer process would not be this expensive unless the price of bauxite rose to $15.60 per ton. At that price operating costs would be $86 per ton, of which $40 would be the cost of bauxite (abou 2.5 tons of bauxite for every ton of alumina). The cost of a 1000 ton per day plant is $66 million, so that the capital cost is $ Optimal monopoly and competitive price trajectories are again calculated for discount rates of .05 and .10, but this time over an eighty-year horizon, since proven reserves are large. Optimal price trajectories are shown graphically in Figure 5 , and prices, total demand, IBA production, IBA reserves, and discounted profits are presented n Table 3 . The ratio of the monopoly price to the competitive price is shown graphically in Figure 6 , and the ratio of monopoly to competitive discounted profits is shown in Figure 7 .
Observe that the optimal monopoly price has the typical characteristic of dropping for about five years and then rising slowly. The price fluctuates, however, over a small range, and at all times ttithin a few dollars of the "limit price" at which production of alumina from other ores becomes economical.
The initial competitive price is again higher for the lower discount rate, but the difference in the initial percentage mark-ups above average cost for the two discount rates is much smaller, and the mark-ups themselves are mubh lower, 19 than was the use for petroleum.9 This is because the reserve base for bauxite is large (depletion in the competitive case takes at least 75 years) so that there is little incentive for competitive producers to withhold production in earlier years. In both the monopoly and competitive cases depletion plays only a small role in the determination of price during the first thirty years.
Monopoly pricing is essentially "limit pricing" for a produced good; except for the effects of lag adjustments during the first five years, price can almost be chosen at the profit-maximizing "limit" each period, ignoring future periods.
The relative gains from cartelization are summarized in Table 4 . Again the relative gains are largest during the first five years, and are dependent on the discount rate. For either discount rate, however, the relative gains ard larger than was the case for petroleum. Over the long term, cartelization of bauxite markets results in 60% to 500% increase in the sum of discounted profits. This should be sufficient incentive for maintenance of the International Bauxite Association.
Because of the "limit pricing" characteristic of the monopoly solution, our results are not very sensitive to the elasticity assumptions that were used. Doubling the long-run elasticity of supply (which is the parameter about which we are most uncertain) results in optimal monopoly and competitive price trajectories that are always within 10% of the numbers reported in Table 3 .
It should be pointed out that IBA is currently selling bauxite at close to what we have calculated to be the optimal monopoly price. In 1973 dollars, bauxite is now elling in the range of $12 to $14. According to our calculations, the cartel should roughly maintain this price (in real terms) over the next twenty to thirty years. The optimal initial competitive price is somewhere between $5.44 and $5.45; at that price net demand would become zero at exactly the point that depletion occured. The $5*45 initial price is our closest approximation to the true optimal, and because it is slightly higher than the true optimal net demand becomes zero before depletion occurs. This approximation has almost no effect. however. on the aim nf A4rn-,,A Our model for copper draws heavily from the econometric model of the world copper market constructed by Fisher, Cootner, and Baily [10] , and in fact can be viewed as an aggregated version of their model. We also draw upon the work of Banks [2 ] , and obtain updated reserve and production data from the U.S.
Bureau of Mines [25, 27] . The equations of the model are as follows: 
where TDt = total demand for copper (millions of metric tons per year);
SP t = primary supply from competitive fringe (mmt/yr); SS t = secondary supply from scrap ("old" secondary) from competitive fringe (mmt/yr);
20CIPEC countries include Chile, Peru, Zambia, and Zaire, and in 1974 accounted for 32% of non-Communist world copper production. The demand equation (20) explains total demand for refined copper net of "new" secondary production.
1
The reason for excluding "new" secondary produc- Cootner, and Bailey. The last term in equation (20) provides an autonomous rate of growth in demand of 3.75% per year, corresponding to a long-run 24 income elasticity of 1.25 and a 3% real rate of growth in income. The major substiteute for copper is aluminum, but since we assume a fixed price for aluminum, an aluminum price need not be included explicitly in (20) .
21'New" secondary copper is produced from shavings and other wastage that result in the process of milling copper and producing finished copper products, while "old" secondary copper is produced from scrap; i.e. from recycled copper products. 2 2 We assume that the same price prevails in all regions, and ignore differences between the U.S. producer price and the London Metal Exchange price. There have been periods during which the U.S. price was below the LME price, with rationing by U.S. producers. McNicol [1o] argues that rationing is profitable for partially integrated producers since it allows them to achieve the effects of price discrimination. The effect is therefore not that of undercutting a world market price to expand market share, and there would be no impact on the demand for cartel copper.
Primary supply from the competitive fringe is 3.8 mt/yr at a price of 75¢, with short-run and long-run elasticities of .20 and 1.6 respectively.
Thus, although in the long-run supply is quite elastic, the adjustment time is considerable? 5 Depletion of competitive fringe reserves pushes the primary supply function to the left over time. After a cumulative production of 160 mmt (e.g. 4 mt/yr for 40 years), primary supply would fall (assuming a fixed price)
to 55% of its original value.
Secondary supply includes only "old" secondary production, i.e. production from scrap, and thus depends on the stock of copper products available to be converted into scrap. We follow Fisher, Cootner, and Baily in using the primary price rather than the scrap price since the two prices are very highly correlated, and we apply their elasticity estimates for the U.S. (.43 in the short run and
.31 in the long run) to the rest of the world? 6 The stock of copper products available for scrap is simply last year's stock, minus losses of 2%, plus primary production this year; secondary production is not included since it adds to the stock of products but depletes the stock by the same amount.
As mentioned above, we exclude "new" secondary production from the model. 2 6 0utside of the U.S. data for secondary supply is not broken down into "new" and "old," and the determinants of "new" secondary supply are quite different. We obtain an estimate of the level of "old" secondary supply by applying the U.S. ratio of "old" secondary to total secondary outside the U.S. Equation (17) represents a stock-adjustment model, so that the long-run elasticity is smaller than the short-run elasticity, production, and including it in total demand would involve some double counting.
More important, although almost all secondary production occurs in the consuming countries, part of the input to "new" secondary production comes from CIPEC countries, so that including it would result in a misleading understatement of CIPEC's role in the world market.
The model is completed with equation (28) that specifies the maximization of the sum of discounted profits. The initial CIPEC proven reserve level is 135 mt, and initial average cost is 50¢ per pound. The multiplication by 2204
is to convert pounds to metric tons.
In calculating optimal price policies we take as initial conditions TD 0 = 7.3, SP 0 = 3.8, SS 0 = 1.2, CSP 0 = 0, and K 0 = 120. These numbers correspond to 1974 data. We use a forty-year horizon in the monopoly case, with discount rates of .05
and .10. Optimal monopoly and competitive prices are shown graphically in Figure 8 , and prices, total demand, competitive supply, CIPEC production, reserves, and discounted profits are presented in Table 5 . Finally, the ratio of the monopoly price to the competitive price is shown in Figure 9 , and the ratio of monopoly to competitive discounted profits is shown in Figure 10 .
We observe that the optimal monopoly price oscillates, and this occurs because 27 of the stock adjustment effect in the secondary supply equation.27 The envelope of the monopoly price, however, follows the same pattern as the monopoly petroleum and bauxite prices, dropping during the first several years (after taking advantage 2 7 The long-run price elasticity of secondary supply is smaller than the short-run elasticity. Price is set high in 1975 to take advantage of lag adjustments in total demand and primary supply, but this results in a large increase in secondary supply. If the 1975 price were maintained in 1976, secondary supply would fall because of the stock adjustment, but primary supply would rise further; dropping the price in 1976 results in a still larger drop in secondary supply. 1980 of lag adjustments in total demand and secondary supply), and then rising slowly as depletion of the resource base nears. Again the initial competitive price is higher for the lower discount rate. Resource exhaustion plays a more significant role in the determination of copper prices than was the case with bauxite; using U.S. Bureau of Mines figures for proven reserves, exhaustion in the competitive case occurs after 56 years at the .05 discount rate and after 39 years at the .10 discount rate.
As can be seen in Table 6 , the relative gains from cartelization are not large. Over the long term, cartelization of copper markets results in only an 8% to 30% increase in the sum of discounted profits. Furthermore, the increased profits require fluctuations in price (and in profits) that some cartel members might wish to avoid. It would thus appear that there is little incentive for closely coordinated pricing and output policies on the part of the CIPEC cartel. This is consistent with recent history; so far CIPEC countries have not managed to significantly increase their copper revenues through cartelization.
Concluding Remarks
We began this paper by asking whether the owners of exhaustible resources might accrue significant monopoly profits through cartelization. The answer would appear to be yes in the cases of petroleum and bauxite, and no in the case of copper. The reasons for this, however, seem to have little to do with the fact that the resources are exhaustible, and more to do with market share and short-term lag adjustments. OPEC and IBA account for around two-thirds of nonCommunist world petroleum and bauxite production, while CIPEC accounts for only one-third of copper production. Demand and competitive supply of petroleum and bauxite adjust only slowly to changes in price, while secondary copper supply responds quickly to price changes.
pricing and output in both the monopoly and competitive cases, and tends to reduce the percentage increase in profits from cartelization when the discount rate is low. As competitive producers pay more attention to future depletion, they tend to restrict present output, raising price closer to the monopoly level.
THE COMPETITIVE PRICE TRAJECTORY WITH RISING PRODUCTION COSTS
In this Appendix we show that equation (7) We have i -C' (x)qe -6 t +P (A.6)
The optimal production trajectory qt maximizes H, but since H is a linear function of qt we have a singular problem, so that H is maximized by qt 0 or X (or some upper limit q), depending on whether pe -6 t -C(x)e -6 t + is negative or positive.
X is always negative (as we would expect, since it is the marginal discounted profit to go resulting from an additional unit of cumulative output) since is positive and approaches zero as exhaustion nears. Thus the decision to produce nothing or at the upper limit will depend on the price p. Then the market demand function will ensure that -6t-t pe -C(x)e -6 t + I = 0 (A.7)
At the price that satisfies (A.7) producers will ust be indifferent between producing nothing or everything, so that just enough will be produced to satisfy market demand. From (A.7) we have -C'(x)qe -t -6(x)e -6t + pe 6t -pe t (A.8)
Combining this with (A.6) and rearranging, we get dp/dt = 6[p-¢(x)] (A.9)
In discrete-time this gives as the difference equation Pt = (1 + )Pt-1 -C(xt-1) (A.10)
